Phylogenetic relationships were inferred for populations of the Ryukyu five-lined skink Plestiodon marginatus, a species showing an extraordinary distribution across the Tokara Tectonic Strait. Phylogenetic analyses of 809 base positions of the mitochondrial 12S and 16S rRNA genes supported collective divergence of the southern Tokara and northern Amami populations, which have been classified as P. m. oshimensis. A population from Nakanoshima, an island of the Tokara Group north of the Tokara Tectonic Strait, has the closest affinity with the Okinawajima population of P. m. marginatus rather than with the geographically closer southern Tokara and northern Amami populations. This result is concordant with that of a recent allozyme study and suggests an origin of the Nakanoshima population through long-distance dispersal from the Okinawa Island Group. Also, our results strongly suggest a closer relationship of a population of P. m. oshimensis from Okinoerabujima, a southern island of the Amami Group, with P. m. marginatus from Okinawajima than with the ''consubspecific'' southern Tokara and northern Amami populations. Both Nakanoshima and Okinoerabujima populations are usually referred to as P. m. oshimensis, and therefore our results indicate nonmonophyly of P. m. oshimensis in the current taxonomic arrangement.
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The scincid lizards of the genus Plestiodon Duméril & Bibron, 1839 (formerly referred to as Eumeces Wiegmann, 1834 [Brandley et al. 2005 , Smith 2005 ]) show a broad distribution in temperate and subtropical areas of both the Old and New Worlds. From the insular region of East Asia, eight species and two subspecies of the genus are recognized, of which the following six species and one subspecies are assigned to the latiscutatus species-group: P. latiscutatus from Izu Peninsula and the Izu Islands (formerly referred to as P. okadae [see Motokawa and Hikida (2003) for details on the recent change in specific name]); P. japonicus from the Osumi Group of the northern Ryukyus and the main islands of Japan exclusive of Izu Peninsula (formerly referred to as P. latiscutatus [see Motokawa and Hikida (2003) ]); P. marginatus oshimensis from the Tokara and Amami Groups of the northern and central Ryukyus; P. m. marginatus from the Okinawa Group of the central Ryukyus; P. barbouri from the Amami and Okinawa Groups; P. stimpsonii from the Yaeyama Group of the southern Ryukyus; and P. elegans from the Senkaku Group, Taiwan, and eastern continental China (Hikida 1993 (Hikida , 2002 . Of these, P. japonicus and P. mar-ginatus were initially considered to have been separated geographically by the Tokara Tectonic Strait, which is located in the Tokara Group between Akusekijima and Kojima or Kodakarajima. The Tokara Tectonic Strait is thought to have persisted for more than 2 million years since its initial formation at the river mouth of ancient Huang-he (i.e., Yellow River [Kizaki and Oshiro 1977, 1980] ), and many lineages of terrestrial animals, such as newts of the genus Cynops and lizards of the genus Takydromus, show a distinct genetic break around this strait (e.g., Hayashi and Matsui 1988, Ota et al. 2002) . Populations of Plestiodon on islands north of the Tokara Tectonic Strait (henceforth referred to as the northern Tokara islands) had been assigned to P. japonicus, whereas those found on islands south of the Tokara Tectonic Strait (southern Tokara islands) were assigned to P. marginatus ( Figure 1 ) on the basis of a few external characters, such as the presence of the postnasal scale at substantial frequency (P. japonicus) or its complete absence (P. marginatus) (e.g., Toyama 1989 , Hikida et al. 1992 . Hikida et al. (1992) reported that specimens of putative P. japonicus from a few northern Tokara islands differ from those from the main islands of Japan in the number of midbody scale rows. They also noted remarkable differences in a few characters in the scutellation and coloration among the northern Tokara samples. Based on allozyme data, Motokawa and Hikida (2003) suggested that samples from three northern Tokara islands (Kuchinoshima, Nakanoshima, and Suwanosejima) are genetically closer to P. marginatus than to P. japonicus. A few recent authors, therefore, regard the northern Tokara populations as belonging to P. marginatus (Hikida 2002 , Ota 2003 .
However, this view is not much supported from the morphological taxonomy, and this is particularly true with the Nakanoshima population in which a substantial proportion of specimens so far examined had the postnasal scale (T.H. and H.O., unpubl. data). Moreover, detailed relationships of P. marginatus populations in Motokawa and Hikida's (2003) and other recent allozyme studies are not consistent with their geographic arrangement or with the latest subspecific classification of P. marginatus. For example, the Nakanoshima population, assigned to the subspecies P. m. oshimensis in the latest classification (Hikida 2002) , was indicated to be closer to the nominotypical Okinawa Group populations than to the geographically much closer (Figure 1 ) southern Tokara and Amamioshima (type locality of P. m. oshimensis) populations (Motokawa and . A population of Okinoerabujima (a southern island of the Amami Group), usually assigned to P. m. oshimensis on the basis of tail color pattern, was also shown to be closer to the nominotypical subspecies of the Okinawa Group than to the consubspecific populations of Amamioshima and adjacent islands (Kato et al. 1994 , Motokawa et al. 2001 .
Analysis of sequence variation in some mitochondrial DNA genes, such as those of 12S and 16S ribosomal RNA (rRNA), is known to be effective in estimating phylogenetic relationships among closely related species (e.g., Hedges et al. 1993 , Reeder 1995 , Honda et al. 2003 . Also, it is known that in some reptilian taxa, such as geoemydid turtles, analyses of mitochondrial DNA sequences show substantial incongruence with those of allozyme data (e.g., see the results of Sites et al. [1984] versus those of Honda et al. [2002a,b] and Spinks et al. [2004] ). However, no sequence data are available to verify the above-mentioned results of allozyme analyses on the geographic boundary between P. japonicus and P. marginatus, and on the validity of current subspecific classification of the latter.
To remedy this situation, we examined the phylogenetic relationships of representative populations of P. marginatus, P. japonicus, and other species of the latiscutatus speciesgroup by analyzing mitochondrial 12S and 16S rRNA genes. Our purposes were to assess the phylogenetic hypotheses proposed by Kato et al. (1994) , Motokawa et al. (2001) , and Motokawa and Hikida (2003) , and to discuss historical biogeography and subspecific classification of P. marginatus.
materials and methods
Tissues were obtained from eight populations of Plestiodon marginatus and one population of P. japonicus (Figure 1 [see Appendix for details]). Single samples representing each of two other species of the latiscutatus speciesgroup (P. stimpsonii and P. elegans) and two species of another species-group of Plestiodon (the chinensis species-group [Hikida 1993 ]) (P. kishinouyei and P. chinensis) were also examined ( Figure 1 ). Besides these, we incorporated published sequence data for P. japonicus from another locality (Kyoto, the main island of Japan: AB028770 and AB028781), P. barbouri (DQ173515 and DQ173534), and P. egregius (AB016606).
Extraction, amplification, and sequencing procedures for DNA were described elsewhere (Honda et al. 1999a,b) . Parts of the mitochondrial 12S and 16S rRNA genes, approximately 820 base pairs ( bp) in total, were amplified by the polymerase chain reaction (PCR) using the following primers: L1091 and H1478 (Kocher et al. 1989 ) for 12S rRNA, and L2206 and L2606 (Hedges et al. 1993 ) for 16S rRNA. Alignments for DNA sequences were determined based on the maximum nucleotide similarity using CLUSTAL W 1.4 ( Thompson et al. 1994) . We then compared sequence alignments with different gap costs (penalty for each gap opening ¼ 6; 9, or 12) to identify ambiguously aligned regions (Reeder 2003) . The resultant alignments were identical with each other and involved seven insertions and deletions. Thus, we used sequence data for 809 sites for phylogenetic analyses, excluding these seven base positions.
To infer relationships among taxa, maximum-likelihood (ML) analysis was performed under the GTRþIþgamma model, which was selected in a series of hierarchical likelihood ratio tests using Modeltest 3.X (Posada and Crandall 1998) . Unweighted maximum parsimony (MP) analysis was conducted using the heuristic search option with tree bisection-reconnection (TBR) branch swapping and 500 random taxon addition replicates. The neighbor-joining (NJ) method (Saitou and Nei 1987) was also applied on the basis of a pairwise matrix of distances from Kimura's (1980) two-parameter model. All these analyses were performed using PAUP* 4.0b (Swofford 1998) . Bayesian (BI) analysis was also conducted using MrBayes 3.12 (Ronquist and Huelsenbeck 2003) with the same best-fit model as selected in ML. Bayesian analyses were initiated from random starting trees and run for 1,000,000 generations, sampling every 100 generations. The Markov chain was considered to have converged when stationarity was reached (Leaché and McGuire 2006) . We thus tested for convergence by plotting the posterior probability values of nodes against generation time in a cumulative fashion using the online computer program AWTY (Wilgenbusch et al. 2004) . Likelihood values stabilized by 100,000 gen-erations, and the first 100,000 generations were discarded as ''burn-in.'' Confidences of branches for NJ and MP analyses were assessed by 1,000 bootstrap resamplings (Felsenstein 1985) . With respect to ML analysis, confidences were evaluated by only 100 bootstrap resamplings because of the computational limitation. The validity of nodes from BI was assessed by posterior probabilities (PPs) of 900,000 generations (¼ 9,000 trees). With respect to the interpretation of bootstrap proportions (BPs) and Bayesian PPs, we considered BP b 70% (Hillis and Bull 1993) or PP b 0.95 (Huelsenbeck and Rannala 2004) as significant evidence of monophyly.
The extent of mitochondrial DNA substitutions between taxa was used to estimate the date of their evolutionary divergence. A rate of 2.0% nucleotide substitution per million years (myr) was once broadly applied (e.g., Brown et al. 1982 , Wilson et al. 1985 , Avise 1994 . Recently, however, an evolutionary rate of 0.65%/myr has been used in estimating divergence time for the scincid lizards, as well as for iguanid, agamid, varanid, and gekkonid lizards, bufonid toads, salamandrid salamanders, and some fishes (Bermingham et al. 1997 , Macey et al. 1998 , Schulte et al. 2000 , 2003 , Weisrock et al. 2001 , Honda et al. 2006 . Because no fossil data were available for calibration specific to the subject under study, we tentatively applied 0.65%/myr to our data. Resultant estimations of divergence time presented here may therefore be rather imprecise (Kumazawa and Nishida 2000), but we believe these still provide some meaningful insights into the historical biogeography of Plestiodon around the Ryukyu Archipelago.
results
The 12S rRNA fragment consisted of 385 aligned sites, of which 80 varied among taxa and 42 were parsimony informative. For 16S rRNA, a total of 431 aligned sites was resolved, of which 75 were variable and 39 were parsimony informative. Within P. marginatus, interpopulational nucleotide replacements varied from 1 bp (0.1% uncorrected ''p'' genetic distance: Takarajima versus Amamioshima; and Okinoerabujima versus one specimen from Okinawajima [Okinawajima 2]) to 23 bp (2.8%: Kodakarajima versus Okinawajima 2; and Kodakarajima versus Tokashikijima). With respect to the Nakanoshima sample, the genetic divergence with either of the P. japonicus samples (3.4%) was distinctly smaller than divergence with samples of P. marginatus (0.2-2.7%, mean ¼ 1.4%), P. elegans (2.3%), and P. stimpsonii (2.8%). Of the P. marginatus examined, one specimen of the Okinawajima sample (Okinawajima 1) was almost indistinguishable genetically (0.2%) from the Nakanoshima sample, whereas samples from geographically proximate islands, such as those from the southern Tokara islands and Amamioshima, were much more genetically dissimilar (2.2-2.7%) to the latter. Likewise, the p distance of the Okinoerabujima sample, currently assigned to P. m. oshimensis, was much greater with other consubspecific samples from the southern Tokara islands and Amamioshima (2.0-2.7%) than the p distance with P. m. marginatus samples from the Okinawa Group (0.1-1.4%) ( Table  1) .
As such, the isolation period of the Nakanoshima population from P. japonicus was estimated to be 5.3 myr, whereas that of the former from P. marginatus varied from 0.4-0.6 myr (versus the Okinawajima population) to 4.2 myr (versus the Kodakarajima population). With respect to the Okinoerabujima population, the estimated isolation period showed a pattern similar to that in the Nakanoshima population, varying from 0.2-0.8 myr (versus the Okinawajima population) to 4.2 myr (versus Kodakarajima) ( Table 1) .
The ML phylogeny derived from aligned sequence data is shown in Figure 2 . Plestiodon marginatus is monophyletic, but poorly supported (BP < 50%). Within P. marginatus, two distinct clades, each consisting of samples from two southern Tokara islands and Amamioshima (BP ¼ 99%: node 1), and of the Tokashikijima and Kumejima samples (BP ¼ 71%: node 2), were recognized. Samples from Okinawajima, Nakanoshima, and Okinoerabujima were unified with each other (node 3) and then collectively with node 2. However, support for these relationships is weak (BP < 70%). It is interesting that the two Okinawajima specimens are not each other's closest relatives, with one sample most closely related to the Nakanoshima sample (node 4) and the other to the Okinoerabujima sample (node 5): although neither of these relationships received substantial BP support (BP < 70%).
Results of NJ and BI analyses (not shown) were consistent with the ML phylogeny, except for the existence of the Takarajima-Amamioshima cluster (99%) in the NJ tree. Also, one of the four shortest trees of MP (not shown) was identical with the ML phylogeny in branching topology. In all these analyses, nodes 1 and 2 were strongly supported. Node 3 was highly supported in the NJ (BP ¼ 92%) and Bayesian (PP ¼ 0.96) analyses. Validity of nodes 4 and 5 was significantly supported only in NJ analysis (BP b 70%).
discussion
Our results confirm assignment of the Nakanoshima population to P. marginatus rather than to P. japonicus. Moreover, our findings support Motokawa and Hikida's (2003) conclusion from allozyme data by placing the Nakanoshima sample with P. m. marginatus from the Okinawa Group rather than with P. m. oshimensis from Amamioshima and the southern Tokara islands, although statistical support to such relationships is weak.
We estimate that the Tokara Tectonic Strait, separating the northern Tokara islands (including Nakanoshima) from the central Ryukyus (consisting of the southern Tokara islands, and the Amami and Okinawa Groups [Figure 1 ]), dates back to no later than the Pliocene in formation (Kizaki and Oshiro 1977, 1980) . Since then, the strait seems to have consistently been a barrier to the dispersal of a number of terrestrial animals, becoming one of the most distinct borders between the Oriental and Palearctic faunal realms (Kato 1989 , Hikida et al. 1992 , Ota 1998 , 2000 .
Several taxa, including the Ryukyu shortlegged skink (Ateuchosaurus pellopleurus), Ho- kou gecko (Gekko hokouensis), and the Ryukyu kajika frog (Buergeria japonica), inhabit both sides of the Tokara Tectonic Strait (Hikida et al. 1992 . The occurrence of P. marginatus on Nakanoshima (i.e., the northeastern side of the strait), established by both allozyme and DNA data, is an additional example of this biogeographically exceptional distribution pattern in nonvolant terrestrial animals.
Populations of the short-legged skink, Hokou gecko, and kajika frog north of the Tokara Tectonic Strait have their closest relatives in islands immediately south of the strait (i.e., those in the southern Tokara islands, or Amamioshima and adjacent islands, or both) (Nishioka et al. 1987 , Toda et al. 1997 , Ota et al. 1999 . This suggests that the northern populations have originated through short-distance oversea dispersals across the strait (Ota 1998) . In contrast, the population of Plestiodon marginatus north of the Tokara Tectonic Strait (i.e., Nakanoshima) exhibits closer affinity with the Okinawajima population than with populations immediately south of the strait. Because the p distance between the former populations suggests that initiation of their isolation dates back to no earlier than the middle Pleistocene (i.e., long after formation of the Tokara Tectonic Strait), the current Nakanoshima population is likely to be a consequence of long-distance oversea dispersal from Okinawajima ( Figure 1) . Relationships revealed in this study also suggest that the frequent occurrence of the postnasal scale in the Nakanoshima population, unique within the highly supported stimpsonii-elegans-marginatus clade (Hikida 1993) , is a consequence of independent derivation or retention of an ancestral character state rather than a synapomorph with P. japonicus.
With respect to the Okinoerabujima population, allozyme analyses demonstrated its closer relationship with populations of the nominotypical subspecies of the Okinawa Group including Kumejima than with those of P. m. oshimensis of the Amami Group and southern Tokara islands (Kato et al. 1994 , Motokawa et al. 2001 . Our results confirmed closer affinity of the Okinoerabujima population to the Okinawa Group populations and went even further to associate the former directly with the Okinawajima population by placing the Kumejima population externally (Figure 2) . This further indicates that the distinct backward extension of body stripes onto the tail, by which the Okinoerabujima population was assigned to P. m. oshimensis together with other Amami Group and southern Tokara populations (Hikida 1996) , is actually a consequence of independent derivation or of retention of an ancestral character state.
Our results strongly suggest that neither of the currently designated subspecies of P. marginatus is monophyletic. To minimize frequency in taxonomic changes, however, we defer revision of subspecific classification of P. marginatus to future studies using additional samples representing the other taxonomically crucial populations, such as those from Kuchinoshima and Suwanosejima of the northern Tokara islands, Tokunoshima and Yoronjima of the Amami Group, and isolated Iwotorishima (Kato et al. 1994 , Motokawa et al. 2001 , Motokawa and Hikida 2003 . Further resolution of the process of divergence of P. marginatus and related taxa in the East Asian islands with substantial statistical support will also require sequence data for additional mitochondrial genes, as well as for some nuclear genes. 
